Metallothionein (MT) genes contain multiple metal regulatory elements (MREs) that are responsible for metal induction. A protein blotting procedure and a synthetic oligonucleotide have been used to identify nuclear factors interacting with a MRE (MREd) of the mouse MT-1 gene. We report the specific binding of the probe to a protein of apparent Mr 108,000 (plO8). The specificity of the interaction was demonstrated by mutation analysis and competition experiments. Furthermore, the probe contains the Spl consensus binding sequence 5'CCGCCC3', in addition to the MRE consensus sequence, 5'TGCAC3', and we show that a Simian Virus 40 DNA fragment which contains six Spl binding sites did not bind plO8 nor did it compete for the protein(s) interacting with MREd in a DNA footprinting assay. These results show that a metal regulatory element of the mouse MT-1 gene interacts specifically with a nuclear protein of Mr 108,000 and that this protein is distinct from the transcription factor Spl. -5). This is the case for the transcription factor Spl which binds a GC rich element found in many cellular and viral promoters (6-9) and the major late transcription factor (MLTF) which has been found to be active at the promoter of the adenovirus 2 major late gene (10). MLTF also binds to the promoter of the rat X fibrinogen (11) and the mouse metallothionein 1 genes (12).
The metallothionein (MT) genes provide an interesting system for studying the mechanism of action of transcription factors on gene expression because they are transcriptionally inducible by heavy metals such as cadmium and zinc as well as by a number of other agents including glucocorticoid hormones and interferon (13, 14) . Mutant deletion analyses and sequence similarities have revealed at least five metal regulatory cis-acting elements (MRE a,b,c,d ,and e) which allow transcription of the mouse MT-1 gene to be incuced by heavy metals (15) (16) (17) (18) .
Experiments with synthetic MRE sequences showed In an attempt to characterize the molecular nature of a specific MRE-binding protein present in L cell nuclear extracts, we use a protein blotting procedure and a synthetic oligonucleotide corresponding to the MREd region. We show that a mouse nuclear protein of apparent Mr 108,000 binds with high affinity to the MREd region.
MATERIALS AMD METHODS

Preparation of nuclear extracts
Heavy Fig. 2c, lane 1) . In addition, the gel system used with the standard apparatus gave a better resolution of the proteins in the 100 kD range. Typically, 15 ul aliquots of crude nuclear extracts (6 to 10 mg/ml) were electrophoresed on mini-apparatus while 30 ul aliquots of an extract concentrated to 20 mg/ml with Amicon Centricon-10 microconcentrators prior to electrophoresis were used with standard apparatus. After electrophoresis, gels were incubated for a lh wash in 200-500 ml of transfer buffer (100 mM Tris/190 mM glycine) with gentle agitation. Blotting procedures and detection of DNA-binding proteins were performed as described (22) Spl oligonucleotide was the same that had been used to purify the Spl transcription factor (8) . Oligonucleotides were synthetized as two complementary strands by the phosphoramidite method on a Biosearch DNA synthetizer and purified on 15 percent polyacrylamide 8M urea gels. MRE elements were synthetized with a Clal site on both ends (underlined).
together with the probe. The non specific nucleic acids competition cocktail was made of E.coli DNA-micrococcal nuclease digest (average length "v 1 kbp), yeast tRNA, poly (dl-dC), and lambda DNA-Mspl digest (20, 20, 2, 1) at the final concentration of 1.7 mg/ml.
Footprinting experiments
Exonuclease III footprinting experiments were performed as previously 
RESULTS
Binding of the oligonucleotide probes to nuclear proteins
Figure la shows the arrangement of the mouse MT-1 gene metal regulatory elements (MREs) (15-18), the G-rich sequence that interacts with the major late transcription factor (MLTF, (10) (11) (12) , and the sequence of the protected region around MREd in an exonuclease III footprinting assay (20). The protected region extends from nucleotide -127 to -153 relatively to the start site of transcription and contains, in addition to the conserved MRE core sequence TGCPuC (Pu, purine), a Spl consensus binding site CCGCCC (7, 8) . In order to test the binding capacity of this region with a nuclear factor(s) and possibly identify specific protein species, we used synthetic DNA fragments as probes in a protein blotting procedure that allow the detection of DNA-binding proteins in crude nuclear extracts (22). We synthesized a pair of complementary 36-mer oligonucleotides (MREd) which, when annealed, give a short double stranded DNA fragment containing the sequence of MREd plus the 5'end portion of MREc (Fig. lb) . Also, oligonucleotides containing mutated versions of the MREd probe were synthetized. In oligonucleotide MUTd, all five of the most strongly conserved nucleotides of the MRE consensus sequence have been altered. MUTs has the six conserved nucleotides of the Spl site changed, MUTds has both MRE and Spl consensus altered and MUTr has the six most downstream nucleotides of the protected region altered (Fig. lb) . A 309bp-fragment of pBr322 and the Bglll-Xbal-raouse MT fragment (+64 to +220; MT-INTRON) covering the 3' end of the first exon and 120 bp of the first intron were used as heterologous controls. Crude nuclear extracts from cadmium resistant mouse L cells, grown in presence of CdCl 2 and ZnCl 2 , were prepared, subjected to NaDodSO t /PAGE, electroblotted onto a nitrocellulose filter and probed with the 32 P-labeled oligonucleotides.
Results obtained with the different oligonucleotides are shown in Figure   2a Moreover, while single stranded MREd oligonucleotides bound to p45 and to the other protein species, it did not interact with plO8 (data not shown). These data suggest that the binding of MREd to p45 and to the minor proteins was the result of non-specific interactions with general nucleic-acid binding proteins.
In order to assess the specificity of the binding to plO8, we used mutated oligonucleotides. Mutations in the MRE consensus sequence TGCAC, in the Spl site or in both core sequences led to a complete inhibition of the binding to plO8 (Fig. 2a, lanes 2-4) . Effects of the different mutations on the binding to p45 was not reproducible. For instance, MUTd did not bind to p45 in some experiments (Fig. 2a, lane 2, arrowhead) while in others the signal was not affected. Mutation in six nucleotides located in the MREc consensus sequence (MUTr) led to a 40 to 50% inhibition of the binding to plO8, to a strong inhibition of the interaction to p45 and to the detection of a new protein species of apparent Mr 60,000 (Fig. 2a, lane 5) . The detection of a new protein species by MUTr can be attributable to the fortuitous genera- 5) as competitor. Competitor concentrations, lanes 1, 0 pg; 2, 0.16 ug/ml; 3, 1.6 ug/ml; 4, 0.26 ug/ml; 5, 2.6 ug/ml. C) Competition experiments using heterologous probe and non specific nucleic acids as competitors. Probes: Lanes, 1-3, MREd (1 ng/ml); 4-6, a 309 bp-pBr322 Mspl fragment (0.2 ng/ml). Non-specific nucleic acid competition cocktail. Lanes; 1 and 4, 0 ug; 2 and 5, 0.8 ug/ml, 3 and 6, 4 ug/ml. Arrows and arrowheads as in fig. 2a . Binding of the MREd probe to pl08 was highly reproducible and was observed in more than 20 independent experiments. The binding capacity of the mutant probes was assessed in four different experiments. (Fig. 2b, lane 3) , might be due to the presence of single-strand-DNA in the probe preparation. Indeed, single stranded MREd oligonucleotides bound to p45 but not to plO8. Competition experiments, using MUTds as competitor, led only to a weak inhibition of MREd binding to plO8 and to a strong diminution of the p45 band. The weak capacity of MUTds to compete for MREd binding to plO8 was comparable to the capacity of non specific nucleic acids to compete (Fig. 2c, lanes 1-3) and concured with the fact that this mutant (MUTds) did not bind plO8. It is interesting to note that, while non specific nucleic acids competed poorly for MREd binding to plO8, the competition toward p45 was very important (Fig. 2c, lanes 2 and 3) . In addition, while the pBr322 fragment did not bind at all to plO8, it bound heavily to p45 and was partially competed out with nonspecific nucleic acids (Fig. 2c, lanes   4-6) . The MT-INTRON fragment (+64 to +220) also bound strongly to p45 but not to plO8 (data not shown).
In order to correlate the binding of the MRE probe to plO8 with the observed binding activity detected by an in vitro DNA footprinting assay onto the MREd region (20) , we performed competition experiments in an in vitro exonuclease III footprinting analysis. We reasoned that an oligonucleotide that binds plO8, such as MREd and, to a lesser extent, MUTr, should compete for the reported binding activity to MREd detected in a crude extract (20) while mutants such as MUTd, MUTs, and MUTds should not compete. Figure 3a shows that, while MREd and MUTr competed very efficiently, MUTd, MUTs and MUTds showed very little competition activity. It is interesting to note that in the concentration range of competitor DNAs used for these experiments, the only band that was readily competed out was the MREd band at -153. The remaining of the footprinting remained unmodified.
The protein detected by MREd is different from the transcription factor Spl As shown in Figure la factor has been purified to more than 95 percent homogeneity and two polypeptides of 105 and 95 kilodaltons have been identified (8, 9) . The possibility that plO8 was in fact Spl was tested by using, in the protein blotting procedure, a specific DNA probe known to bind Spl. (Fig. 3b, lane 14-17) . Similarly, the Spl oligonucleotide did not compete for the proteins binding to the MREd region (Fig. 3b, lanes 1 to 4) despite that the sequence GGGGCGGGGC (Fig. lb) has been determined to be the highest affinity Spl-binding sequence studied to date (7) . The detection of a protein species comigrating with plO8, when both MREd and the SV40 DNA were used together as probes (Fig. 4 , lane 4), demonstrates that the SV40 DNA fragment did not bind plO8. In the protein blotting experiment, the SV40 probe detected some proteins with major bands migrating with apparent Mrs 95,000 and 105,000 (Fig. 4 , lane 2, thin MREs binding proteins have been detected by footprinting analyses in mice (20,21) and rats (28) while, in humans, a factor which binds to the MREs has not been detected yet (29, 30 
